Introduction
The commercial importance of aluminum-silicon (Al-Si) alloys is based on their high fluidity and low shrinkage in casting, brazing and welding applications, in addition to their high specific strength and good corrosion resistance. These alloys are increasingly used in automotive applications to reduce vehicle weight and improve fuel economy. The eutectic Al-Si alloys with their exceptional castability and wear resistance are favorable for manufacturing pistons and other critical components [1] . Magnesium and Copper are two of the most important alloying additions in aluminum because of their appreciable solubility and strengthening effects. Many commercial alloys contain Cu, either as the major addition or among the principal alloying elements. It is used frequently in combination with Mg to enhance the aging characteristics Values in bold highlight the Sr and P contents in the alloys listed in Table 2 .
of the alloy [2] . Commercially important die casting alloys, e.g. the 413.1 and 380.0 type alloys, contain appreciable amounts of Fe (0.8%), Cu (2-4.5%) and a high Si content (7-12%). These alloys possess fair strength at elevated temperatures and at the same time maintain good castability and joining characteristics [3] .
Copper substantially improves strength and hardness in the as-cast and heat-treated conditions. Alloys containing 4-6% Cu respond most strongly to thermal treatment. Copper generally reduces resistance to general corrosion and, in specific compositions and material conditions, stress corrosion susceptibility. Additions of copper also reduce hot tear resistance and decrease castability. Magnesium provides the basis for strength and hardness development in heat-treated Al-Si alloys, too, and is commonly used in more complex Al-Si alloys containing Cu, Ni, and other elements for the same purpose [4] .
While a number of IA and IIA elements and several lanthanides produce a modified eutectic, only strontium and sodium have found significant commercial application. They react with and remove aluminum phosphide (AlP), an effective nucleant for silicon, and produce a fine fibrous eutectic. The resulting as-cast structure exhibits improved ductility [5] [6] [7] [8] .
The quality of aluminum alloy castings may be defined using numerical values which correlate to their mechanical properties. Drouzy et al. [9] first proposed these numerical 
where Q is the quality index in MPa; UTS refers to the ultimate tensile strength in MPa; E f refers to the percentage elongation to fracture; and d is a material constant equal to 150 MPa for Al-7Si-Mg alloys. The probable yield strength ( P(YS) ) for the same alloy may be proposed as:
where the coefficients a, b, and c for Al-7Si-Mg were determined as 1, 60, and −13, respectively, while the constants b and c are expressed in units of MPa. Eq. (1) is used to generate the iso-Q lines in the quality charts proposed by Drouzy et al. [9, 10] whereas Eq. (2) is used to generate the iso-probable yield strength lines. These quality charts are generated for use as a simple method of evaluating, selecting, and also predicting the most appropriate metallurgical conditions, which may be applied to the castings to obtain the best possible compromise between tensile properties and casting quality.
The present work was undertaken with the aim of studying the microstructural changes as well as variations in the tensile properties of 413.0 alloy, where the effects of strontium (Sr), magnesium (Mg), copper (Cu), silver (Ag), nickel (Ni), zinc (Zn), cerium (Ce) and lanthanum (La) additions to the base alloy and that of heat treatment were determined. The effect of the addition of phosphorus (P) as well as heat treatment on the microstructure and the properties of the base alloy 413.0 modified with Sr, was studied from the point of view of examining the interaction between P and Sr during the solidification process. The findings are presented in this article.
Experimental procedure
Alloy 413.0, in the form of ingots, was melted in 40-kg capacity silicon carbide crucibles; the alloying elements were then added to the molten metal in order to adjust the desired compositions. Magnesium, Cu, Zn were added in pure form, whereas La, Ce, Ni, P and Sr were added in the form of Al-15% La or Ce, Al-25% Ni, Cu-2% P and Al-10% Sr master alloys, respectively. The molten metal was degassed using pure dry argon injected into the melt by means of a rotary degassing impeller at a speed of 150 rpm/30 min. Five samples for chemical analysis were also taken simultaneously from each alloy melt during casting, to ensure that the actual average chemical compositions were obtained. The chemical analysis was carried out using a Spectrolab Jr CCD Spark Analyzer. Tables 1 and 2 show the actual chemical compositions of the alloys produced. After degassing, the molten metal was poured at 735 ± 5 • C into an ASTM B-108 type permanent mold which had been preheated to 465 • C, for casting tensile test bars.
The heat treatment procedures were carried out in three stages: solution heat treatment at 510 • C for 8 h, quenching in warm water at 60 • C, and aging in the temperature range 155-240 • C for a period of 5 h at each temperature. The solutionizing procedures for the castings were carried out in a forced air furnace having ±2 • C as a temperature variation.
Tensile testing was carried out for the as-cast and the heat-treated test bars at room temperature using an MTS Servohydraulic mechanical testing machine working at a strain rate of 1.0 × 10 −4 s −1 . The elongation of the test specimens was measured using a strain gauge extensometer attached to the specimen during the tension test. A data acquisition system was attached to the MTS machine to provide the results of the tensile test. For each sample tested, a stress-strain curve was obtained to illustrate the mechanical behavior of each specimen under the loads applied. The tensile test results obtained from testing a specific specimen present the data pertaining to ultimate tensile strength, yield strength at 0.2% offset strain and the elongation to fracture. Five tensile test bars for each composition were tested in the as-cast and the heat-treated conditions.
The characterization of the microstructure of the alloys aims at correlating the microstructural features of these alloys with their tensile properties as well as with their quality indices. Several techniques were used for the [12] . microstructural characterization to obtain qualitative and quantitative analyses of the microstructural constituents and features. The eutectic silicon particle characteristics were examined using a Clemex Vision PE4 optical microscope-image analysis system. The samples were examined in such a way as to cover the entire sample surface in a regular and systematic manner. The intermetallic phases were identified by means of an electron probe microanalyzer (EPMA) in conjunction with a wavelength dispersive spectrometer (WDS), using a JEOL JXA-8900L WD/ED Combined Microanalyzer operating at 20 kV and 30 nA with an electron beam size of ∼2 m.
3.
Results and discussion that addition of 170 ppm Sr is not enough to produce a fully modified structure in 413.0 alloy which contains 12.75% Si. Solutionizing at 510 • C/8 h results in partial fragmentation of the non-modified Si particles as seen in the circled area in Fig. 1(c) . Solutionizing of alloy A, Fig. 1(d) , revealed three distinct features: (1) necking prior to fracture, (2) spheroidization, and (3) coarsening through agglomeration of nearby particles. Table 3 lists the characteristics of the eutectic Si particles in the base alloy, alloy A and alloy B. It is obvious that modification with Sr resulted in a significant improvement in the Si particle characteristics compared to the base alloy. The addition of Mg in alloy B and its reaction with Sr, leading to the formation of a complex compound [11] , reduced the Sr available in the matrix and hence the degree of modification. This is reflected by the Si particle densities of the two alloys, viz., 31,212 particles/mm 2 in alloy A, compared to only 15,194 particles/mm 2 in alloy B, approximately 50%. Fig. 2(a) exhibits the Al-Cu eutectic morphology in alloy C in the as-cast condition. revealing the presence of ultra-fine Si particles in their interiors, indicating the end of solidification.
1-Microstructural characterization
Following solutionizing at 510 • C, Fig. 2(b) , most of the Al 2 Cu phase seems to have dissolved in the alumium matrix and only some Fe-based intermetallics (mostly ␤-phase platelets) may be seen. In a previous study [12] , the authors investigated the effect of solutionizing temperature and time on the dissolution of Al 2 Cu phase in A319 alloy containing 0.06% Mg and 3.5% Cu using the WDS analysis technique. The oval in Fig. 3(a) shows the region along which a line scan was taken across the two dendrite cell boundaries, revealing the absence of Al 2 Cu phase in a sample solutionized at 490 • C/8 h. Fig. 3(b) shows the distribution of Cu from line scans similarly obtained from samples of the same A319 alloy following different solutionizing treatments compared to the as-cast condition, revealing the progressive dissolution of the Curich phase with the increase in the solutionizing temperature, leading to uniform distribution of the Cu in the aluminum matrix and hence better mechanical properties. Due to the presence of iron in the A319 alloy, part of the Cu precipitated in the form of insoluble Al 7 Cu 2 Fe phase [12] as indicated in Fig. 3(b) . Fig. 4(a) depicts the precipitation of an Mg 2 Si phase particle (Chinese script) on the edge of a ␤-Fe platelet in alloy B; the EDS spectrum in Fig. 4(b) confirmed its presence. Precipitation of Ni-based intermetallics during solidification in alloy H is presented in Fig. 5(a) and (b) ; the phases were identified using WDS analysis, as shown in Table 4 . It is evident that the Ni-based intermetallics are insoluble, representing a large volume fraction. which could lead to premature fracture of the tensile bars. It should be mentioned here that the effects of Zn, Ag, La and Ce on the alloy microstructure has been described elsewhere [13] . Table 5 exhibits the effect of the ratio of the added Sr and P to the base alloy 413.0, i.e. in the absence of other additions, on the Si particles characteristics in the as cast condition (the concentration of P was more or less same in all alloys as shown in Table 2 ). Apparently, with the increase in Sr/P ratio the modification of the Si particles improves gradually until the ratio exceeds 3 where minimum Si particle size could be achieved.
2-Tensile properties
The effects of alloying elements on the tensile parameters in the as-cast condition are demonstrated in Fig. 6(a) . It is evident that modification of the base alloy resulted in a significant improvement in the alloy UTS and YS, however, at the cost of reduction in the alloy ductility. With the increase in the number of added elements, the YS revealed a continuous decrease up to alloy E (containing Sr, Cu, Mg and Ag). Replacing the Ag in alloy E by rare earth metals (alloy F), zinc (alloy G) or Zn + Ni (alloy H) seems to offer no further improvement in the YS. 6(b) displays the size and distribution of intermetallics in alloy F that resulted in the observed reduction in the alloy YS level. The ductility reached its minimum value after the addition of Sr + Cu + Mg, beyond which no noticeable change was observed. The UTS reached its maximum following modification with 171 ppm Sr, with no significant response to the other added elements.
The changes in the alloy tensile properties following aging treatment, using the base 413.0 alloy as a reference alloy, are depicted in Fig. 7 . Considering the UTS parameter, Fig. 7(a) , alloy G (containing Sr, Cu, Mg, Zn) exhibited the best response to aging, in particular at 180 • C (peak aging condition). It was also noted that the addition of ∼0.4% Mg (alloy B) resulted in similar improvement in the UTS level compared to addition of ∼2.8% Cu (alloy C). Although modification is important for enhancing the alloy strength through change in the Si particle morphology in alloy A, the presence of hardening agents such as Mg and Cu are the main parameters to be considered in this regard. It is also inferred from Fig. 7(a) that addition of about 0.7 wt.% Ag to the base alloy improves the alloy YS markedly, regardless the aging temperature, followed by alloy D (containing Sr, Cu, Mg).
Further increase in alloying elements and hence the volume fraction of intermetallics has a negligible effect on the alloy YS. Lowest YS levels were reported for alloys with low Mg content, i.e. alloys A and C.
The response of ductility to alloying is illustrated in Fig. 7(b) . Upon aging at 155 • C and above, the %El is markedly reduced to the same level regardless the type or the amount of the added alloying elements. However, alloy A revealed no noticeable change in ductility compared to the base alloy within the aging temperature range. Fig. 8 depicts the variation in tensile parameters of the P-Sr series of alloys (see Table 2 ) in the as-cast condition. Due to P-Sr interaction and lack of modification of the eutectic Si, the tensile properties remained more or less the same up to alloy II (containing 46 ppm P and 98 ppm Sr). Increasing the Sr level to 123 ppm Sr produced a significant increase in the alloy ductility, from about 2.85% to 5.2% (approximately 100% improvement), caused by both modification of the eutectic Si and refinement of the primary Si particles. The UTS level, however, increased by about 20% in the fully modified structure (alloy V, with Sr/P ratio of ∼6). In the case when 0.35% Mg + 2% Cu were added to alloy III, i.e. alloy DP, the alloy YS increased by about 35% due to possible precipitation during quenching and the dead time between quenching and testing processes. Although the UTS level was not affected by the precipitation, the alloy ductility was reduced by almost 50%.
The effect of aging on the alloy behavior of the P-Sr series of 413.0 alloys is shown in Fig. 9 . It was noted that in the absence of hardening agents (Mg 2 Si or Al 2 Cu), the UTS and YS parameters of alloys 413P through V revealed no response to aging treatment as shown in Fig. 9(a) . The response was different when Mg and Cu were added, i.e. in the case of alloy DP, where the UTS and YS values were increased by 120 MPa and 200 MPa, respectively. Another observation made is that the UTS values are approximately the same in the temperature range 155-220 • C, beyond which the alloy revealed a tendency for softening.
The YS, however, exhibited classic behavior with respect to aging temperature. Fig. 9(b) illustrates the changes in the alloy ductility, where all alloys exhibited a linear increase in percentage elongation with the increase in aging temperature except for alloy DP where the elongation was reduced by 6% upon aging at 155 • C, thereafter, reaching ∼2% at 240 • C. Fig. 10(a) illustrates the effect of modification with Sr as well as the addition of hardening agents Mg and Cu -individually (alloys A and B) or combined (alloy D). As can be seen, Sr has a certain influence on the alloy strength and quality. Addition of Mg and Cu separately exhibited a similar trend except that the variation in the quality of alloy B occurred over a relatively wider range of ductility compared to that shown by alloy C. When both Mg and Cu were added together to the modified base alloy (i.e. alloy D), the quality curve was displaced significantly toward the left hand side (low ductility) of the chart. However, the variation in the quality values took place over a much wider range of ductility. The broken black arrow shows the remarkable change in the strength of the Srmodified alloy through the addition of about 0.45% Mg + 2.3% Cu coupled with marked loss in the alloy quality. The trade-off between strength and ductility values of the alloys resulted in a non-significant variation in the quality index values of all alloys regardless the treatment condition (350-300 MPa), except for alloy D which exhibited lower quality index values for all the conditions studied (300-250 MPa). It is interesting to note that further addition of alloying elements (alloys E-H) displayed behavior similar to that shown by alloy D, indicating that Ag, Ni, or Zn has no significant role in controlling the alloy quality once Mg and Cu have been introduced to the base alloy. Due to the large volume fraction of rare earth metals-based Fig. 10 -Quality charts generated using the equations of Drouzy et al. [9] , showing the influence of alloying elements on the tensile properties: (a) base alloy and alloys A-D; (b) base alloy and alloys E-H; (c) Alloys 413P and DP. intermetallics, the quality of alloy F is noticeably diminished, as shown by the black arrow in Fig. 10(b) .
Since the effect of P-Sr interaction on the alloy quality is marginal (Fig. 10(c) ), only alloy 413P and alloy DP were considered in this section. Due to the high %El of alloy 413, the quality increased from 250 MPa to almost 350 MPa at 6.5% El. However, because the alloy strength is relatively low, the quality curve is very narrow and skewed to the right hand side of the diagram in Fig. 10(c) . With the addition Mg and Cu, the alloy strength of alloy DP increased to about 335 MPa compared to 218 MPa obtained for alloy 413P, which produced about the same quality ∼325 MPa, but at the lower ductility side of the diagram toward the left.
In order to arrive at a better understanding of the behavior of the 413.0 alloy during aging, polished samples were examined using an FESEM microscope equipped with an EDS system. Fig. 11(a) shows complete dissolution of the Al 2 Cu phase that was observed in the as-cast condition. The higher magnification image shown in Fig. 11(b) reveals the presence of a cluster of needle-like shaped particles in the area marked A. The associated EDS spectrum obtained from this area, Fig. 11(c) , reveals that these rod-shaped particles contain Fe, which explains their resistance to dissolution during the solutionizing process. Another observation noted in Fig. 11(b) is the presence of very fine particles (approximately 200 nm) in the area marked B, which may have precipitated during the period between quenching and storing prior to aging. Fig. 12 (a) displays the dense precipitation of Al 2 Cu phase particles upon aging at 155 • C with the formation of precipitate free zones (PFZ) arround the pre-existing Si particles. Increasing the aging temperature to 180 • C (corresponding to the peak-aging condition) resulted in a visible increase in the precipitate density along with the disappearance of the PFZs as shown in Fig. 12(b) . The EDS spectrum obtained from the rectangular area in Fig. 12(b) indicates that these particles are mainly Al 2 Cu phase. Due to the extreme fineness of the Al 2 Cu particles in Fig. 11(b) , the Cu line appears at about 0.811 keV corresponding to the L 1 line. Further increase in the aging temperature resulted in a gradual tansformation of the shape of the precipitated particles from spherical to a mixture of spherical and rod-like at 200 • C, Fig. 13(a) , to complete coarse rod-shaped particles growing in two perpendicular directions at 240 • C, shown by the white lines in Fig. 13(b) , which would explain the observed softening at this temperature. A schematic representation of this is shown in Fig. 14 . 
